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Thermal and UV degradation of roselle anthocyanin extract and its mixtures with poly(vinyl alcohol) in different acid Introduction Natural dyes extracted from plants and animals were used widely as colourants for fabrics and as food colourants before the invention of artificial colours. The lack of use of natural dyes in both applications is mainly due to poor colour stability. However, in the past decade, natural dyes have been used not only as food colourants but also in solar cell (Huizhi et al., 2011) and coating paint (Abidin et al., 2013) technologies. Anthocyanin is a water-soluble molecule and is responsible for the variety of colours found primarily in flowers and fruits of higher plants, ranging from red, purple to blue. It has gained much attention in the past few decades and many studies were conducted on its properties. In the food industry, anthocyanin has exhibited a function as a natural dye to replace artificial food colourants (Bridle and Timberlake, 1997) . Anthocyanin has also gained interest in medical applications owing to its antioxidant and antiradical properties (Tsai et al., 2002) .
Roselle (Hibiscus sabdariffa L.), which belongs to the family Malvaceae, is a tropical plant commonly found in Asia and tropical Africa. Its calyxes, bright red in colour, are rich in anthocyanins. Du and Francis (1973) have reported two major, delphinidin-3-sambubioside and cyanidin-3-sambubioside, and two minor, delphinidin-3-glucoside and cyanidin-3-glucoside, anthocyanins in the calyxes of roselle. Anthocyanins from roselle have also shown potential for use as food colourants.
Poly(vinyl alcohol) (PVA) is a water-soluble synthetic polymer. It has been used in adhesives, paper coatings (Schumana et al., 2004) , waste water treatment (Chang et al., 2005) and biomedical applications (Pourciel et al., 2005) . Its non-toxic properties make it a viable candidate as an environment-friendly water-based coating. A first account of incorporation of natural plant pigments into coatings was given by Abidin et al. (2006) . We have previously reported the incorporation of anthocyanin into poly(acrylamide-co-acrylic acid) (Lee et al., 2013) . In this work, we studied the thermal and UV degradation of roselle anthocyanin extracts in different acids, and the coatings resulting from mixtures of the extracts with PVA.
Experimental
Dye samples preparation Fresh roselle calyxes were obtained from a local market in Kuala Lumpur. The plants were soaked for 3 hours in distilled water for anthocyanin extraction. The extract was filtered through a Whatman filter paper to remove insoluble particles. Acids introduced into the extract were 5 per cent acetic acid, 5 per cent citric acid, 5 per cent oxalic acid and 1 per cent hydrochloric acid. A dye not containing acid was also prepared in this work.
Thermal degradation factor of anthocyanin dyes
The five dyes mentioned above were stored in airtight laboratory bottles and placed in an oven at 50°C isothermal. Visible absorption spectroscopy was measured on all dye samples before and after the heating process and at 1-hour intervals up to 4 hours. The maximum absorption peaks from the visible absorption spectrum were marked as A o and A, indicating before and after the heating process, respectively. In this test, the dyes' reaction rates and half-lives were calculated by using equations (1) and (2). The dye with the lowest reaction rate and the highest half-life has the least thermal degradation.
Ultraviolet degradation factor of anthocyanin dyes
Another set of five dyes as mentioned previously were exposed to UV light with wavelength 312 nm for 8 hours. Visible absorption spectra were obtained before exposure and at the 4th, 6th and 8th hour of exposure. The maximum absorption peaks from the visible absorption spectrum were also marked as A o and A, indicating before and after the heating process, respectively. The dyes' reaction rates and half-lives were calculated by using the same equations (1) and (2). The dye with the lowest reaction rate and the highest half-life has the least UV degradation.
Calculation of reaction rates and half-life
It has been reported that degradation of anthocyanin follows first-order kinetics (Ozela et al., 2007; Yang et al., 2008) . The reaction equation and half-life are given, respectively, as:
Where time, t; maximum absorption peak after exposure at specific time, A; initial maximum absorption peak before exposure, A o ; and reaction rate, k.
Reaction rate, k, is the rate of degradation. The higher the value of k, the faster is the degradation of anthocyanins in a given time. The half-life, t 1/2 , can be obtained from rate constant equation (2); it is the time required for anthocyanins to degrade to half of the initial amount. When a degradation reaction occurs at a higher rate, it takes less time for anthocyanins to degrade to half of the initial amount, hence a smaller half-life.
According to Beer-Lambert law, absorbance value is proportional to concentration of the absorbing species; hence, the absorbance value is used to indicate the amount of anthocyanins present. In this work, absorbance value at the maximum peak, which is characteristic of anthocyanins, was obtained from the visible absorption spectra. The maximum absorption peaks were recorded as A and A o , indicating before and after either thermal or UV exposure.
Graphs of ln(A/A o ) versus time (in hours) were plotted to study each of the thermal and UV degradations. The k values were obtained from the slope of the graphs and were placed in equation (2) to determine the t 1/2 values.
Coating films preparation
All the dye samples were mixed with 25 weight per cent of PVA obtained from Sigma Aldrich. The mixtures were applied on a glass substrate as coating films using the brush technique. They were allowed to cure for 24 hours.
Thermal degradation of PVA-anthocyanin coatings
Thermogravimetric analysis (TGA) was used to investigate the thermal degradation and decomposition of the coating samples. TGA was conducted using TA Instruments Q500 Thermogravimetric Analyzer. A ceramic pan was used and nitrogen was used as the purge gas. The heating rate was 10°C/min from 30 to 600°C.
UV-induced colour degradation of PVA-anthocyanin coatings UV degradation of coating samples was expressed as degradation in terms of colour of the coatings exposed to UV light for a period. In this work, coating samples were exposed to UV irradiation of 312 nm wavelength for 24 hours at room temperature. Spectroline Model TVC-312A was used as a source of UV light. Colour measurement, which complied with the CIELAB 1976 colour system, was conducted on all coating samples before irradiation and 24 hours after UV irradiation. , were determined using the following equations:
Results and discussion
Thermal degradation of anthocyanin extracts with acids
It has been reported that anthocyanins degrade upon heating (Patrasa et al., 2010) . Degradation of all dye samples followed first-order degradation kinetics, as shown in Figure 1 . Table I shows the reaction rate (k) and half-life (t 1/2 ) of the samples.
The maximum absorption peaks were recorded at wavelengths ranging from 520 to 530 nm. Using equation (2), the lowest half-life of anthocyanin was determined to be 45 hours (Table I ) at 50°C. Mourtzinos et al. (2008) reported a value of 16.5 hours at 60°C isothermal, whereas Wang and Xu (2007) reported a value of 8.8 hours at 70°C isothermal. Addition of hydrochloric acid increased the half-life of the anthocyanin dye to 26 times higher than the pure anthocyanin dye, thus making hydrochloric acid the most effective thermal stabilizer among other acids in this work. Thermal degradation mechanism of anthocyanin has been proposed by Adams and Woodman (1973) . It was reported that anthocyanin would decompose into chalcone form upon heating. All samples with acids can be considered to exhibit a lower degradation rate and an increased half-life. This indicated that addition of acid into an anthocyanin extract improved thermal stability and inhibited thermal degradation of the anthocyanin extract. Effects of acids on thermal stability of anthocyanin have been reported by many (Bakowska et al., 2003; Parisa et al., 2007) .
UV degradation of anthocyanin extracts with acids
UV radiation has been reported to cause photodegradation of anthocyanin, further causing discolouration effects (Pala and Toklucu, 2011) . In our study, UV degradation of anthocyanin extracts and extracts containing acid has shown to follow first-order kinetics (Figure 2 ). Table II shows the reaction rate (k) and half-life (t 1/2 ) of the samples on 8 hours of UV irradiation. Reaction rate of degradation and half-life of anthocyanin were calculated as 0.0219 hr Ϫ1 and 31.6 hours, respectively. Dyes with hydrochloric acid and citric acid were able to avoid UV degradation with a lower degradation rate and higher half-life. Addition of hydrochloric acid increased the half-life by sevenfold to 210.0 hours and reduced the reaction rate to 0.0033 hr
Ϫ1
, as compared to half-life of 31.6 hours and reaction rate of 0.0219 hr Ϫ1 for extract without acid. It was an unexpected result that addition of acetic and oxalic acids decreased the half-life compared to the pure anthocyanin dye. Therefore, both of the acids enhanced the UV degradation process of the anthocyanin dye. The extract with added oxalic acid showed the highest UV degradation rate, calculated at 0.1923 hr Ϫ1 . According to Marco et al. (2011) , degradation of anthocyanins by UV radiation is the transformation of flavylium cation into colourless carbinol and coloured quinoidal base at low pH.
TGA of PVA-anthocyanin coatings
Thermograms of all coating samples are depicted in Figure 3 . Our results obtained for pure PVA were similar to that obtained by Raju et al. (2007) . Weight loss at temperature below 100°C was due to water content. This loss was noticeable in all samples. Second degradation step at 200-300°C was due to thermal degradation of the PVA molecule, and third weight loss was due to PVA by-products . In our study, an additional step was observed in the thermogram of PVA with anthocyanin, which could be due to anthocyanin. More degradation steps could be observed in thermograms of other samples. Appearance of a degradation step at 200-250°C of coating samples with citric acid could be attributed to the fragments of citric acid (Hardy et al., 2003) . Degradation steps at 150-300°C of samples with added oxalic acid may be due to evolution of oxalic acid. Samples containing hydrochloric acid, citric acid and oxalic acid showed a shift in the second degradation loss, recording at 300-350°C compared to 250-300°C in other samples. This indicated that those samples had higher thermal stability at a higher temperature. At a lower temperature, thermal degradation of the coating samples was similar, which was due to water evaporation.
UV-induced colour degradation of PVA-anthocyanin coatings
, C ‫ء‬ and ⌬E values before and after 24 hours of UV irradiation on coating samples are tabulated in Table III . Visual colour changes of the coatings before and after UV irradiation are shown in Table IV . A minimum ⌬E ϭ 1 was assumed to be the basis for colour difference noticeable by human eye (Gonnet, 1998 Figure 3 Thermograms of pure PVA, PVA ϩ anthocyanin and PVA ϩ anthocyanin with acids acid, acetic acid and oxalic acid reduced the ⌬E values compared to coating with anthocyanin only without acid, thus enhancing UV stability of the PVA-anthocyanin sample.
Conclusions
Development of PVA coating films with anthocyanin and different acids as additives was done in this work. It can be shown that addition of hydrochloric acid and citric acid enhanced thermal and UV stability of the anthocyanin extract. Thermal stability of the coating was enhanced by addition of hydrochloric acid, citric acid and oxalic acid, while UV-colour stability was enhanced by hydrochloric acid, acetic acid and oxalic acid.
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